ABSTRACT
Introduction
The Martian moons were discovered in August 1877 by Asaph Hall, an astronomer at the United States Naval Observatory (USNO) in Washington DC. Phobos, the inner and larger of the two satellites, revolves at a mean distance of 9375 km from the center of Mars in a near-circular (e = 0.0151), nearequatorial (i = 1.0756 deg) orbit with a mean period of 7.65 h (Jacobson 2010) . Thus, it is moving far inside the synchronous orbit and is subject to tidal acceleration. Mostly due to Mars' oblateness (J 2 ), its orbit is subject to apsidal and nodal precession with rates of 0.4352 and −0.4358 deg day −1 , respectively (Borderies & Yoder 1990; Jacobson 2010) . Phobos' rotation is tidally locked to its primary. Its constant rotational motion is superimposed by physical librations (Rambaux et al. 2012) .
Since Phobos moves deep within the gravity field of Mars, its orbit is a sensitive indicator of various dynamic parameters of the Martian satellite system. Based on improved ephemerides, we may revise estimates of its mass and its C20 (dynamical polar Tables A.1 and A.2 are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/580/A28 flattening) and C22 (dynamical equatorial flattening) spherical harmonic coefficients (Andert et al. 2010) . Furthermore, we may study the secular acceleration of Phobos that is due to tidal interactions with its primary allowing us to derive the rate of tidal dissipation within Mars and placing constraints on the mechanical properties of the planetary interior (Bills et al. 2005; Lainey et al. 2007; Jacobson 2010) .
Updated orbit models of Phobos can be used to plan the acquisition of high-resolution images of the moon's surface or for the purpose of optical navigation prior to Mars orbit insertion, as demonstrated by the Optical Navigation Camera (ONC) experiment on the Mars Reconnaissance Orbiter (MRO) in February and March 2006 (Zurek & Smrekar 2007) . Finally, knowledge of the Phobos orbit is crucial for performing radio science experiments during close flybys of Phobos (Andert et al. 2010) . Phobos and Deimos have been subject to numerous observation campaigns from Earth and space.
Astrometric data have been reported from Earth-based observations (e.g. catalogs compiled by Morley 1989; and Arlot & Emelyanov 2009) 1 and from space-based observations by the TV cameras on Mariner 9, the Visual Imaging Subsystem (VIS) on Viking 1 and 2 (Duxbury & Callahan 1988 , 1989 , the Videospectrometric System (VSK) on Phobos 2 (Kolyuka et al. 1991) , the ONC on MRO (Jacobson 2012, priv. comm.) , and the Super Resolution Channel (SRC) on Mars Express (MEX; Oberst et al. 2006; Willner et al. 2008; Pasewaldt et al. 2012 ).
In addition, ranging measurements to Phobos and observations of its shadow transiting the instrument's footprint on Mars' surface have been carried out by the Mars Orbiter Laser Altimeter (MOLA) on Mars Global Surveyor (MGS; Banerdt & Neumann 1999; Bills et al. 2005) . Phobos has also been observed during daytime -transiting across the solar disk -and during nighttime by the cameras on the Mars Exploration Rovers (Bell et al. 2005; Dehant et al. 2006) and recently by the Mast Camera (Mastcam) on the Mars Science Laboratory (MSL; Lemmon et al. 2013) . Essentially, two different techniques have been used to measure image positions of the disk-resolved Martian moons: Oberst et al. (2006) observed Phobos' and Deimos' center of figures (COFs) by fitting the limbs of triaxial ellipsoids to the observed limbs. Willner et al. (2008) used the Phobos control point network to determine the Phobos COF in SRC images (Kolyuka et al. 1991) . Pasewaldt et al. (2012) also applied the limb-fit method on images of Deimos, albeit based on 3D shape models. In this paper, we compare the results of the two methods for Phobos images and define the conditions that need to be met to apply them. This paper reports on astrometric observations from April 2008 to August 2011, when the MEX spacecraft (S/C) entered safe mode due to a failure in the onboard data storage system (SSMM). Since May 2013, the SRC has been operational again.
Mars Express mission and HRSC/SRC camera

Mars Express
In early June 2003, MEX was launched from the Baikonur Cosmodrome in Kazakhstan and was on Mars orbit about six months later at the end of December.
Since then, the S/C is in a highly elliptical (pericenter 330 km, apocenter 10 530 km), nearly polar (86.9 deg) trajectory around Mars that reaches well beyond the Phobos orbit. Its orbital period (about seven hours) is similar to that of the Martian moon 2 . As a result of Mars' oblateness, the MEX orbit is subject to apsidal and nodal precession with its longitude of ascending node moving westwards (opposite to the Phobos motion). This enables regular and repeated encounters with the satellite approximately every six months (Witasse et al. 2014) .
Mars Express regularly performs flybys of Phobos. Images taken during these close approaches have been used to create a control-point network , a 3D shape model (Willner et al. , 2014 , and a topographic image atlas (Wählisch et al. 2010 (Wählisch et al. , 2014 . The control-point network and the 3D shape model were used for the astrometric measurement methods applied in this paper.
From April 2008 to August 2011, Phobos was observed between 0 and 90 deg and between 180 and 360 deg mean anomaly. More than three quarters of our observations lie between ±90 deg mean anomaly around the Phobos (evolving) periapsis (see Fig. 1 ). 
HRSC/SRC camera
Mars Express carries seven scientific instruments, including the HRSC/SRC camera. The High Resolution Stereo Camera (HRSC) is a push-broom scanner comprising multiple CCD lines mounted in parallel on one focal plane for simultaneous highresolution stereo, multicolor, and multiphase imaging of the Martian surface (Jaumann et al. 2007 ). The SRC is a 1K × 1K framing CCD that provides images embedded within the HRSC swath with a resolution that is nominally five times higher than the HRSC's resolving power ).
SRC systematic processing
Systematic processing of SRC images is carried out at the DLR Berlin, Germany. Processing Level 1 includes sorting of data from different sensors, composing of images from packets and frames, calculation of acquisition times, and removing offset, electronic, and dark pixels. The following radiometric calibration involves dark-frame subtraction, flat-field correction, and marking of blemish pixels (Processing Level 2). The final dimensions of SRC Level-2 images are 1008 samples by 1018 lines.
SRC camera calibration
A first in-flight calibration has been performed at the beginning of the mission using images of the Earth, Moon, and stars . Particularly, the SRC's mounting alignment angles, calibrated focal length, and point-spread function (PSF) have been estimated (see Table 1 ).
More recently, Duxbury (2012, unpublished paper) updated these parameters using among other things image sequences of the Pleiades and an advanced method for star position measurement. From this, a new PSF was derived from a number of selected star images and was applied in a Richardson-Lucy image restoration process. Star locations have been measured in deblurred images fitting 2D parabolas and evaluated based on their signal-to-noise ratios (S/N). Owing to the low number of stars in the image corners, the two radial distortion coefficients could not be estimated with adequate statistical significance (Duxbury 2014, priv. comm.) . For our astrometric reduction we used the new camera geometric parameters in combination with the mounting alignment angles. 
SRC image restoration
SRC images are known to suffer from noise, blur and ghost features (for details, see Oberst et al. 2008) . To improve our positional observations, we used images that were restored using a Richardson-Lucy deconvolution. This algorithm describes an iterative procedure for recovering a latent image that has been blurred by a known PSF (Michael & Neukum 2009 ). Motion smear was considered by smearing the PSF over a number of pixels in the direction of Phobos' motion (the sample direction). As a result, the S/N of stars were improved, and limbs and crater rims became sharper and better to discern. For our astrometric measurements, we used restored images.
Data and methods
Image sequences
SRC images of Phobos are planned whenever the object's distance is between 5500 and 100 km and the pointing can be chosen such that at least one star of magnitude 8.0 is inside the field of view (FOV). At a distance of 5500 km, the image resolution is still suitable for topographic mapping and at distances below 100 km the pixel dwell time becomes so short that either the exposure time is chosen too long and image smear occurs, or the exposure time is chosen appropriately and the S/N becomes too low. During most Phobos flybys, the SRC is pointed at a fixed spot on the celestial sphere (inertial pointing), awaiting the satellite to cross its FOV. Within about 30 s, a sequence of eight images is taken, of which the first and last images are longtime exposures made with the aim to detect the weak signal of background stars. Exposure durations of the images in between are adjusted to the brighter Phobos surface. We chose 52 of 74 Phobos flybys that offered the possibility of pointing verification at the beginning and end of the sequence (see Table 2 ).
MEX orbit data
Nominal MEX positions at SRC image mid-times can be retrieved from the European Space Operations Centre (ESOC) navigation orbits. According to ESOC's flight dynamics team, these reconstructed S/C ephemerides have an uncertainty of about ±224 m (T. Morley 2011, priv. comm.) . In parallel, MEX accurate orbits have been developed at the Royal Observatory of Belgium (ROB) especially for the purposes of Martian moon orbit modeling and Phobos mass determination. From processing Doppler and range radio tracking data from the Mars Radio Science (MaRS) experiment with a functionally enhanced version of the Géodésie par Intégration Numérique Simultanée (GINS) software, the average accuracy of these orbits is estimated to be about ±20-25 m (Rosenblatt et al. 2008 ).
MEX attitude data and pointing verification
While S/C pointing data are nominally provided by ESOC (with nominal errors of ±0.01 deg, Pischel & Zegers 2009), we also used attitude data that were specifically generated at the European Space Astronomy Centre (ESAC), based on data from the MEX star sensors. Unfortunately, image sequences from orbit 7492 (Phobos and Deimos) and orbit 11 964 (Pleiades) show damped harmonic oscillations around the y-axis of the S/C (along the CCD y-direction) that are not represented in this reconstituted attitude data. Our analysis revealed two interfering oscillations with similar periods of about 8 s, probably due to vibrations in S/C structures subsequent to attitude maneuvers.
Therefore, we maintained procedures developed in our previous analyses (Willner et al. 2008; Pasewaldt et al. 2012) , and verified and improved the camera pointing by using background stars with accurately known coordinates in the inertial reference frame (ICRF). We used Tycho-2 catalog data (Høg et al. 2000) , which were corrected for proper motion, parallax, the relativistic deflection of light in the Sun's gravitational field, and stellar aberration (Kaplan et al. 1989) .
By comparing the positions of predicted and observed stars in the image, we obtained differences in sample and line that represent our pointing correction. Deviations from the nominal pointing were determined for the first and last image of a sequence and were linearly interpolated in between. Because of the low number of stars per long-time exposure, image rotations around the camera boresight were not estimated. On the other hand, rotation angles derived in our control point analysis are very small, so that we neglected these at our level of accuracy. Star centers were measured interactively in restored images with an estimated accuracy of about one pixel. In the first and last images of each sequence, we measured at least one, on average one or two, and a maximum number of eight stars. Two image sequences with continuous observations of one background star were available.
Figures 2 and 3 show a comparison of the pointing corrections derived for ESOC-predicted and ESAC-reconstituted attitude data. The line offsets for reconstituted attitude data are slightly shifted from negative to positive values, becoming more normally distributed.
Phobos COM measurements
We used two similar approaches to determine the position of the disk-resolved Phobos, namely measuring control points and the limb-fit technique. While the former is based on Phobos' control-point network, the latter is founded on Phobos' gridded shape model. In the implementation of these methods we used the latest versions of both models by Willner et al. (2010 Willner et al. ( , 2014 . The coordinates of control points are believed to be given with respect to the Phobos center of mass (COM) as defined by the MAR080 ephemeris. Uncertainties in the camera positions and pointings for images, in which the control points were measured, were minimized. At the same time, the network's COM still contains the uncertainties in Phobos' positions. Therefore, we also refer to it in the following discussion as COF. The gridded shape model was co-registered to the control-point network and gives the positions of surface points relative to a COF. Offsets between control points and corresponding surface points are only up to 11 m. The common aim of the two methods is to measure the position of Phobos' COM. Because the true Phobos COM may not be known, we assumed that possible deviations between our models' COFs and Phobos' COM are small. To obtain a positional observation we predicted, identified, and measured control and limb points, derived parameters transforming from predicted to observed control and limb points, and applied these on the predicted Phobos COM.
First, we computed the apparent positions of control and limb points as seen from MEX and projected them onto the image plane. These computations were performed based on representations of Phobos' orbit, rotation, and shape by using the SPICE toolkit (Acton 1996) . Then, we identified and measured the positions of corresponding image points by evaluating the pixel values. For the purpose of control-point observations, this step was performed manually using an overlay that shows point positions and identifiers (see Fig. 4 ). In the limb-fit approach, this task was achieved using a semi-automatic workflow (see Fig. 5 ; for details, see Pasewaldt et al. 2012) .
The parameters for transforming from predicted to observed control and limb points were determined by using a least-squares method. As functional model, a four-parameter similarity transformation was chosen. Incorrectly identified control points were removed automatically based on the method of standardized residuals (Baarda 1968 ),
where x o , y o and x p , y p represent the coordinates of the observed and predicted point, s is a scale factor, α is the rotation angle around the camera boresight (twist angle), and x t and y t are translation parameters corresponding to the elevation and crosselevation rotations (or equivalent shifts in S/C position). To apply both approaches to SRC images, the visibility of the entire Phobos disk has been advantageous. While at low phase angles a larger portion of the limb is detectable, at medium phase angles, craters are better discernible because their rims cast shadows. Limb-fits can be performed in images of lower spatial resolution with unresolved craters, and control point measurements can be implemented at large image scales without visible limb. Special effects such as image smear, blur and ghost features simply decrease the image resolution. Pixel oversaturation due to long exposure times may also impair the limb fitting, but especially the measurement of control points. However, a visual evaluation of the transformed control points looking at the limb and vice versa increased the consistency between the two data sets.
Results and discussion
Altogether, we measured in 158 SRC images positions of Phobos. Therefore, we performed 130 control-point and 131 limb-fit observations. On 103 SRC images we applied both methods. Our directions to Phobos are given in S/C-centered right ascension and declination coordinates in the International Celestial Reference Frame (ICRF). Notes. (a) Column M gives the measurement method. (b) Column N gives the number of control points or the percentage of limb.
The results are provided in tabular form including image name and mid-time in Coordinated Universal Time (UTC), equatorial coordinates of Phobos in the S/C-centered ICRF, the associated one-sigma uncertainty, and rectangular coordinates of MEX in the Mars-centered ICRF (see Table 3 ). Additionally, we state the technique used (CP/LF) and the number of observed control points or the percentage of measured limb points. The latter describes the portion of Phobos' apparent limb that is illuminated and inside the SRC FOV.
We provide two data sets, each including both the controlpoint and the limb-fit measurements (103 observations are supplied twice within both sets). The first set of positions is corrected for pointing offsets with respect to ESOC-predicted attitude data with the S/C positions retrieved from ESOC MEX navigation orbits. In the second set of positions we applied corrections relative to ESAC-measured pointing data with S/C positions based on ROB MEX accurate orbits (see Tables A.1 and A.2).
Sources of errors and prediction of uncertainties
Sources of error of our S/C-based astrometric observations are the position of the MEX S/C, the pointing of the SRC camera, and the measurement of Phobos' position.
The measurement uncertainty (σ cof ) was derived from the uncertainty in parameters transforming predicted to observed control or limb points. We determined the positions of control and limb points in the image with accuracies of ±1.0 and 0.5 pixel, respectively. As described above, the phase angle plays an important role regarding the number and distribution of control points or the length of the available limb, but its effects are difficult to quantify. Hence, we did not include it in our uncertainty estimation. Instead, we provide the number of observed control points or the percentage of measured limb points that were used to determine Phobos' position.
We typically estimated the pointing uncertainty (σ pnt ) as the sum of the accuracy in offset measurement and half of the range between the pointing offsets of the first and last images in a sequence (interpolation uncertainty). When Phobos is observed in combination with a star, however, the second term was ignored. The accuracy of star position observations is estimated to be about ±1.0 pixel, which means that it is at least two orders of magnitude larger than the accuracy of our star position predictions. Because we have two pointing offsets for most sequences, the only possible assumption for interpolation is a linear pointing drift. If S/C jitter occurs subsequent to an attitude maneuver, our uncertainty estimate may be only appropriate if the first and last images were taken at times of positive and negative amplitudes. Otherwise, we may underestimate our pointing uncertainty.
Previously, we assumed an uncertainty in S/C position (σ pos ) of about ±500 m. Since the beginning of the mission, MEX tracking and reconstruction techniques have been improved by using shorter reaction wheel desaturation maneuvers and longer radio tracking data arcs (T. Morley 2011, priv. comm.) . Because our observation period starts four years after the beginning of the mission, our observational accuracy may benefit from recent developments. Consequently, we adopted a smaller uncertainty in S/C position of about ±224 m,
where d is the distance between MEX and Phobos (Duxbury & Callahan 1988) . Measurement uncertainties in our astrometric observations vary between 0.224 and 3.405 km. The mean accuracy is 407 ± 460 m. The uncertainty in S/C position contributes a constant large part to the total error budget. In about one fourth of all flybys that show a wide range of pointing offsets, the respective uncertainty exceeds this value several times (see Table 4 ). The largest uncertainty in camera pointing in orbit 6637 is with 3.397 km three times as high as the next lower values of 1.093 or 0.812 km in orbits 6557 and 6748. The uncertainty in position observation represents the smallest kind of error with values up to 87 m.
On average, uncertainty estimates of control-point measurements are smaller than those derived for limb-fit observations. The former exceed the latter only in few cases (see Fig. 6 ).
Comparison between control-point and limb-fit observations
To compare the positions derived with the two methods we calculated the distances between 103 corresponding observations. Depending on the distance to Phobos, an average distance of 2.4 pixels in image space is related to 79 m in object space. Observations from images h9586_0005 and h7225_0005 show the largest distances with 21.9 pixels (=210 m) and 245 m (=4.8 pixels), respectively. These deviations can be explained by A28, page 6 of 10 the shape models we used and the different measurement quality (see Table 5 and Fig. 7) . As mentioned earlier, the gridded shape model was co-registered to the Phobos control point network. Offsets between corresponding control and surface points are only up to 11 m. However, as examples of images h9586_0005 and 7225_0005 suggest, there may still be parts of the shape model that are only poorly constrained by the control-point network. The mean accuracy of control-point positions is ±32 m. The observation of control points of lower accuracies increases our uncertainty in position measurement. Simultaneously, the gridded shape model resolution is 100 by 100 m 2 , which means that local deviations from the true shape may occur.
For the purpose of measuring control points a low image resolution, shadowed crater bottoms, or observing craters nearby the limb may lead to inaccurate measurements or even point misidentifications. When detecting and fitting limb points, short limb curves of low curvature or local deviations of the predicted from the observed shape may limit the accuracy of our results. 
Comparison of astrometric residuals relating to orbit models
We compared our results with the predictions from models to evaluate the effect of fitting these dynamical theories of Phobos' motion to our observations and to assess the quality of our uncertainty estimates. Therefore, we computed the O-C residuals for the following reference ephemerides: the earlier MarsSatV1_0 model developed at the ROB (Lainey et al. 2007 ) and the more recent JPL MAR085 theory (Jacobson 2010) . Differences between the two models are listed in Table 8 . A more detailed discussion can be found in Jacobson & Lainey (2014) . Generally, our observations agree well with the predictions from the two models (see Tables 6 and 7 ). The average α cos δ residuals for the ROB model are opposite in sign and larger than those for the JPL model. The total difference along this direction is about 500 m for both types of measurements. In addition, the dispersion of α cos δ residuals is significantly larger here. While for control-point measurements the residuals in δ behave quite similar for both models, they vary more strongly for the limbfit observations. Differences between control-point and limb-fit measurements for the JPL model are considerably smaller than for the ROB model. The observed differences in astrometric residuals between orbit models can be explained by the relevance and accuracy of observations and/or differences in modeling. At the same time, limb-fit observations seem to be more sensitive toward the dissimilarity between the two ephemerides, which may be due to the deviations between corresponding limb-fit and control-point observations and to the probable presence of outliers in the additional 28 limb-fit measurements. Marked extrema are also probable because of the occurrence of S/C oscillations subsequent to attitude maneuvers.
The residual plots (see show that the variations between image sequences can be explained by these sources of error, while deviations within an image sequence are probably due to the occasional presence of S/C oscillations and the first increasing and then decreasing portions of the Phobos disk inside the SRC FOV. 
Comparison of observation reductions using different MEX orbit and attitude data
Below we discuss the results of reducing our astrometric observations by using first MEX accurate orbits with ESOC predicted A28, page 8 of 10 attitude and then ESOC navigation orbits with ESAC reconstituted pointing (see Table 9 ). As reference data sets we chose our control-point observations in combination with the MAR085 ephemeris. When our observations were reduced with ROB accurate orbits, the average and dispersion of α cos δ residuals increase slightly by 17 and 5 m, respectively. Simultaneously, the residuals in δ remain almost constant (see Table 10 ).
Using the ESAC-reconstituted attitude without pointing control leads to a notable increase in astrometric residuals. Therefore, we derived a new set of pointing corrections. When we applied these offset values, we obtained an increase in α cos δ and a decrease in δ residuals, both by about 23 m (see Table 11 ).
Even though we were unable to achieve a significant decrease in astrometric residuals, using additional tracking data very likely provides more accurate trajectories and applying measured instead of predicted attitude data yields more correct S/C orientations. The astrometric residuals we quoted are less a measure of quality for the used data than a quantity reflecting the consistency between our observations and the particular Phobos orbit. Hence, a possible explanation for observed discrepancies may be the contradiction between our data and MEX astrometric observations that are already included in the MAR085 ephemeris (Oberst et al. 2006; Willner et al. 2008) . Consequently, our recommendation is to use only one of the two available orbit and/or attitude data sets to reduce all MEX astrometric observations 3 .
Conclusions
We reported on a set of 158 astrometric observations of Phobos with estimated uncertainties between 0.224 and 3.405 km. These observations were derived from 130 control-point and 131 limbfit observations. The average offset between 103 corresponding measurements is about 79 m and can be explained by the difference between the shape models used and the feasible measurement accuracy. We demonstrated that both measurement techniques are well-suited for determining Phobos positions. Control-point measurements can deliver accurate results. However, outliers can occur due to the operator's difficulties in identifying and measuring individual positions. In contrast, limb-fit observations are easier to automate and less prone to outliers. Short limbs usually restrict the accuracy of our results.
Our observations agree well with the JPL and ROB models, showing mean offsets of up to 335 m. Average residuals for the ROB model are slightly larger than those for the JPL model. Even though the use of improved MEX orbit and attitude data did not decrease our astrometric residuals, it provides an alternative data set and partially confirmed the quality of our current reduction.
Larger residual variations between observations of different or the same image sequence(s) are explained by S/C jitter occurring subsequent to attitude maneuvers. These oscillations are taking place around the S/C y-axis or along the CCD y-direction with approximate mean periods of 8 s. We suspect that vibrations in S/C structures are the reason for this.
Our observations can be used to maintain and update the current dynamical theories of the Martian satellites' motion.
